We report the complexation behavior of calix [4] arenemonoquinone-triacid (CTAQ), which is an electroactive and water-soluble receptor for calcium ion. UV-visible and NMR spectroscopic studies revealed that CTAQ in aqueous media forms 1:2 as well as 1:1 (metal ion:CTAQ) stoichiometric complexes with Ca
Introduction
Calixarenes are useful macrocyclic molecules that are widely considered when we need selectively capture specific ions and molecules of our interest. The recognizing capability of calixarenes toward metal ions, particularly in size, comes from its intrinsic nature of pseudocavity-like structure of the lower or upper rim. Over the past decades, many review articles on calixarene derivatives and their complexes have been reported. [1] [2] [3] [4] [5] Creaven et al. discussed coordination chemistry of calix [4] arenes with the functionalized lower rim and their metal complexes in terms of fluorescence, catalysis, electrochemical sensing, and biological applications. 5 Danil de Namor et al. investigated complexation process between divalent cations and calix [4] arene derivatives with ester and ketone functional groups in various solvents. 6 They found that the medium was a very important factor that affects complex stability and selectivity. [7] [8] [9] The calix [4] arene derivatives bound with Ca 2+ ion in acetonitrile while they formed no complex in methanol and N,N-dimethylformamide. The solvent effect on the structure of the complexes in acetonitrile and water was examined by using molecular dynamics simulation on tertbutylcalix [4] arene tetraamide ligand and its complex with metal ions.
10
Host-guest interaction in aqueous media has been an attractive issue as it provides valuable insight in understanding interactions between proteins and metal ions in biological system. Investigation in non-aqueous systems hardly account for the strong desolvation and entropic benefits that are observed in water. 11 To work in water, we need water soluble calixarenes and control the desired protonation state of each functional group. 11 Recently, Ghoufi et al. reported host-guest assemblies of p-sulfonatocalix [4] arene and lanthanide ions in water into which quaternary ammonium ions were incorporated to form supramolecular assemblies. 12 Despite much attention and efforts, only a few calixarene complexes with metal ions in aqueous media have been reported. [13] [14] [15] [16] [17] As a result, very little has been known about the structure of the calixarene complexes in aqueous media.
Meanwhile, the determination of Ca 2+ ion in biological system has been an attractive research theme because of its importance as a regulatory ion in physiological system. Ca 2+ ion plays a critical role in the activation of enzymes, complexation with nucleic acids, nerve impulse transmission, and carbohydrate metabolism.
18 Therefore, many attempts have been made to develop a better ligand that can selectively and sensitively detect Ca 2+ ion in biological media.
19-22
Reportedly, calixarenes containing carboxylic groups possess specific affinity to Ca 2+ ion. 20 This is not surprising if we remind that carboxylic groups of proteins plays a key role in binding with Ca 2+ ion. It has been known that at least one coordinated carboxylate group from aspartic acid or glutamic acid side chains is normally involved in the coordination of Ca 2+ ion in proteins. [23] [24] [25] One of Ca 2+ ion-chelating molecules, for example, the L-type Ca 2+ ion channel, has four carboxylate groups. [26] [27] [28] In addition, carboxylic acid group at the lower rim of a calixarene can be employed to increase the solubility of calixarene under proper pH condition. 17 In our previous studies, we reported a water-soluble calixquinone containing carboxylic groups, which forms complex with Ca 2+ ion. 29, 30 It showed the redox-dependent ionic recognition of self assembled calixquinone on a silver electrode, potentially applied for Ca 2+ ion sensor based on its electrochemical or Raman activity.
In this work, we looked into the stoichiometry and the structure of the complex between calix [4] arenemonoquinone-triacid (CTAQ in Figure 1 ) and Ca 2+ ion in aqueous media using UV-visible and 1 H NMR spectroscopy. The complexes between CTAQ and divalent ions other than Ca
2+
ion were investigated for comparison as well. Monte Carlo (MC) simulations supported the presence of the 1:2 complex and allowed better understanding on the characteristics of the interaction between Ca 2+ ion and CTAQ as well as the conformation of the complex through the complex structure at the global minimum.
Experimental Details
Reagents. Water-soluble and redox-active CTAQ was synthesized by the method reported in the previous literatures. [29] [30] [31] It was prepared by the hydrolysis of the tri-tertbutylester derivatives, which was obtained by selective trialkylation of calix [4] arene with tert-butyl bromoacetate (CaH 2 /DMF) followed by oxidation of the phenol moiety to quinone, using CF 3 CO 2 H in CH 2 Cl 2 . The chloride salts of the alkaline earth metals were purchased from Junsei Chemicals (Tokyo, Japan). All solutions were prepared using deionized water by Nano Pure System (Barnsted). 0.1 M 4-(2-Hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES; Aldrich) and tetraethylammonium hydroxide aqueous solution (TEAOH, 20 wt.% in aqueous solution, Acros Organic) were used to make pH 7.4 buffer solution.
NMR Measurements.
1
H NMR measurements and 2D-NMR experiments (COSY) were carried out using a 600 MHz FT NMR Spectrometer (Bruker AVANCE 600, Germany). The signal of water impurity present in D 2 O NMR solvent was used as internal reference for the 1 H chemical shifts. The complexation behavior of CTAQ toward Ca 2+ ion was studied by adding calcium chloride of a known concentration into the NMR tube that contained 1.5 mM CTAQ in D 2 O solvent. The pH of the solution was controlled by adding HEPES sodium salt corresponding to 10 mM. Increasing amounts of Ca 2+ ion were added to the CTAQ solution until the change of chemical shift was ceased. All measurements were carried out at 298 K.
UV-visible Spectrophotometry. All absorption UV-visible spectra were obtained with HP Vectra XM (personal computer) driven HP 8453 UV-visible spectrophotometer. The stoichiometry of CTAQ complex with Ca 2+ ion was studied by adding a known amount of calcium chloride into the CTAQ solution in a UV-visible cell.
Monte Carlo Simulation. The AMBER* force field implemented in Macromodel 6.0 32 was used for the MC conformational search and molecular mechanics calculations of CTAQ and Ca 2+ ion complex to obtain the minimum energy structures. The GB/SA model 33 was used for the simulation and the number of structures tried in the conformational search was 1000. Energy minimization with the conjugate gradient algorithm was performed on every sampled structure to a gradient norm of less than 0.001 kJ·mol
Binding Constant Calculation. Equations (1) and (2) were used for the calculation of binding constant of 1:1 and 1:2 complex of CTAQ and metal ion. The symbol: was used for the complex between CTAQ and metal ion (M) in Eqs. (1) and (2).
The binding constants for 1:1 and 1:2 complexes were defined as Eqs. (3) and (4).
The mass balance of metal ion and CTAQ gave Eqs. (5) and (6) .
Eqs. (3)- (6) were rearranged to have Eqs. (7)- (9).
[CTAQ]
With the solution of Eq. (7) tively.
The value of e 0 was determined by measuring the slope of absorbance as a function of CTAQ concentration based on the Beer's law. The value of e 1 , the molar absorptivity of M:CTAQ, was obtained in the presence of excess Ca 2+ ion. The values of e 2 , K 1 , and K 2 were determined by the iterative curve fitting based on the least square method with the absorbance data that were recorded in the presence of various [M] t . [34] [35] [36] The molar absorptivities and binding constants are listed in Table 1 .
Meanwhile, the NMR titration curve is a plot of chemical shift variation against added metal ion concentration, where (11) δ 0 , δ 1 , and δ 2 are the chemical shifts of CTAQ, M:CTAQ, and M:CTAQ 2 , respectively. The value of δ 1 was obtained in the presence of excess Ca 2+ ion and δ 2 was determined by the curve fitting using Eq. (11) . 37 The method used for curve fitting of NMR titration data is the same as that for UVvisible spectrophotometric titration data.
Results and Discussion
UV-visible Spectroscopy. UV-visible spectra of CTAQ in the presence of various metal ions in an aqueous HEPES buffer at pH 7.4 are shown in Figure 2 . The electronic transition (n→π *) of the quinone at 258 nm is significantly perturbed by the presence of Ca
2+
, Sr 2+ and Ba 2+ ions while Mg 2+ ion brings about no spectral changes. Previously, it was reported that Ca 2+ ion is more strongly bound by quinone carbonyl group.
38
On the basis of the variance in the absorbance in the spectra, spectrophotometric titrations provide quantitative information about the binding constants and the stoichiometry of the complex.
36,39 Figure 3 shows titration curves obtained using two different concentrations of CTAQ. It indicates that the complex included not only 1:1 but also 1:2 (metal ion:ligand) structure. As the dotted line in Figure 3 shows, the data set of absorbance was not properly fitted by the model based on the simple 1:1 complex. The best fit was obtained from the model assuming the presence of both 1:1 and 1:2 complexes (the solid line in Figure 3) . The binding constants of K 1 and K 2 obtained from nonlinear curve fitting Table 1 . Absorption coefficients and apparent binding constants of alkaline earth metal ions to CTAQ. K1, K2, and e2 were obtained by the iterative curve fitting based on the least square method with the absorbance data. The number of parenthesis is the wavelength that was used for the spectrophotometric titration in Figure 3 and Figure  S1 Parameters Ca , respectively. The existence of 1:2 complex was more evident at higher concentration of CTAQ (Figure 3(b) ). The absorbance was saturated at lower concentration of Ca 2+ ion. The insets of Figure 3 show the absorption spectra of CTAQ as the amount of Ca 2+ ion increases up to 2.0 equiv. The mole fractions of free CTAQ and complex species as a function of the concentration of Ca 2+ ion at two different concentrations of CTAQ were calculated on the basis of the binding constants K 1 and K 2 ( Figure 4 ). As expected, the portion of 1:2 complex was predominant at the higher concentration of CTAQ, 0.50 mM, in Figure 4 (b), consisting well with the experimental results. The curve in a skewed bell shape indicates that the Ca
2+
:CTAQ ratio is not simply 1:1. The maximum absorbance in the Job's plot was not on 0.5 but close to 0.6 ( Figure 5 ). Most of CTAQ molecules are expected to be present in the form of 1:1 complex at X CTAQ (mole fraction of CTAQ) lower than 0.5, while appreciable amount of the 1:2 complex appears at X CTAQ higher than 0.5.
As aforementioned, there have been a few papers that reported complexation behavior between alkaline earth metal ions and water-soluble calixarenes but no detailed study was conducted concerning about the complexation ratio of the metal ions to the ligand. In aprotic media, calixarene derivatives were known to form 1:1 (metal ion:ligand) complex. 19, 20, 40 According to the X-ray crystallographic data,
41
calixquinone derivatives form 1:1 complex with metal ions. Therefore, 1:2 complex formation of CTAQ and Ca 2+ ion and its structure attracts considerable interest. The same experiments with other alkali earth metal ions revealed that Ba 2+ and Sr 2+ ions also form complexes with 1:2 stoichiometry in addition to 1:1 one ( Figure S1 in Supporting Information).
All results of nonlinear curve fitting are summarized in Table 1 . The intriguing structure of CTAQ-Ca 2+ ion complex in water was further addressed through NMR and simulation studies for in-depth understanding.
NMR Titration. Figure 6 shows the NMR spectra in the presence of various concentrations of Ca 2+ ion. The assignment of the peaks was described in the Supporting Information based on 1 H NMR and 1 H-1 H COSY. NMR titration results revealed the stoichiometry of the complex. Up to 0.5 equiv, all peaks became broad with up-field or down-field shift as the Ca 2+ ion concentration increases. Especially, the protons under the influence of quinone moiety brought about much broader peaks. This was attributed to the restriction of the quinone rotation. The captured Ca 2+ ion prevented the quinone group from rotating freely by coordinating to the quinone oxygen, resulting in a slow conformational interconversion of the quinone group on the NMR time scale.
More than 0.5 equiv of Ca 2+ ion caused significant spectral change. Most of the broad peaks became sharp again, while the protons close to quinone moiety such as those of quinone, aryl, and methylene groups still produced too broad peaks to be detected even at 1.0 equiv. This observation indicates that Ca 2+ ion suppressed the quinone rotation and thereby the quinone calix-ring inversion process between the cone and partial cone conformation became slowed on the NMR time scale. This result was somewhat different from what had been reported on metal ion complex of calix [4] diquinone, where metal ions lock calix [4] arenes into a cone conformation by interacting with not only the ester carbonyl oxygen donor but also the carbonyl group of the quinone moieties.
34
In Figure 6 , another noticeable change was observed in the OCH 2 CO protons. In the absence of Ca 2+ ion, δ-values due to the OCH 2 CO protons are divided into two groups, which are a singlet and a pair of doublets (Supporting Information B). Upon the addition of Ca 2+ ion at the higher concentration than 0.5 equiv, the singlet peak at 4.37 ppm (H 1 /H 1 ' in Figure S2 ) undergoes a large downfield shift to 4.52 ppm, and the split due to the coupling of the OCH 2 CO protons (H 2 /H 2 ' in Figure S2 ) becomes smaller from 0.69 ppm to 0.32 ppm. These results also strongly imply that significant structural changes in the complex occurred around 0.5 equiv. Supposedly, the downfield shift was attributed to the coordination of Ca 2+ ion to the ethereal oxygen atoms of OCH 2 CO. The decrease of split indicates that two protons were influenced less by the quinone or the aryl ring current at a high concentration of Ca 2+ ion, compared with the complex structure at the lower concentration than 0.5 equiv. In the presence of excess Ca 2+ ion, the two doublets at 4.35 and 4.38 ppm were discriminated by The magnitude of the split of chemical shifts (Δδ) caused by the methylene groups (ArCH 2 Ar and ArCH 2 Q) also allows us to see into the conformation of CTAQ. As Ca 2+ ion was added, the split of chemical shifts (Δδ) due to one methylene group (ArCH 2 Ar) decreased slowly from 0.92 ppm to 0.89 ppm on the addition of 0.3 equiv of Ca 2+ ion. However, the split decreased rapidly at more than 0.5 equiv of Ca 2+ ion and showed a significant reduction from 0.89 ppm to 0.69 ppm on the addition of 0.6 equiv of Ca 2+ ion. Further addition led to only a little decrease and reached almost constant at more than 1.0 equiv of Ca 2+ ion. To clarify multiple complex formations between CTAQ and Ca 2+ ion, NMR titration curves were obtained. Figure 7 shows chemical shifts of several protons, the peaks of which maintain sharp during the titration. The change in chemical shifts started to slow down at much less than 1.0 equiv of Ca 2+ ion, implying that Ca
2+
:CTAQ complex was not a simple 1:1 one. Determination of binding constants using chemical shifts in NMR spectra is one of the conventional methods. 37, 42, 43 In the case of this system, the constants were too high to estimate accurately using NMR titration data. However, the relatively good fit result on the basis of the model assuming 1:1 and 1:2 complexes is significant in understanding the complexation behavior although it should be kept in mind that the absolute values of the best-fit parameters are not very reliable ( Figure S5 in Supporting Information C). Interestingly, the binding constants obtained from the NMR titration were comparable to the titration results from the UV-visible spectrometry (Table S2) 
complex of Ca
2+ ion and CTAQ, MC simulation was applied to the complex of two CTAQ molecules and one Ca 2+ ion in water. The global minimum structure of 1:2 (Ca 2+ :CTAQ) complex found in MC simulation is shown in Figure 8 .
A Ca
2+ ion is interposed between two CTAQ molecules whereas each CTAQ molecule has a partial cone structure. As predicted from the NMR spectroscopy, a Ca 2+ ion has a close contact with the quinone and carboxylic acid group of each CTAQ molecule. The partial cone structure found in MC simulation was consistent with the experimental result. [4] diquinone) were rotating through the annulus of the calixarene at room temperature while the two aromatic rings remained fixed relative to one another. 41 However, this dynamic process became slower at lower temperature on the NMR time scale and the quinone groups adopted fixed cone and partial cone conformations. A 1:2 (metal:ligand) structure has also been reported in the complex of Na + ion and calixarene. Israëli et al. reported that a Na + ion and two calix [4] arene tetraester formed a 1:2 complex in acetonitrile and chloroform mixture solvent using NMR spectroscopy. 47 It was speculated that 1:2 complex of Na + ion and calixarene was an intermediate in the pathway of the exchange of Na + ion between 1:1 complexes.
Conclusion
This is the first model of 1:2 stoichiometry of calixarenebased sensory molecule and alkaline earth metal ions in aqueous media. Concerning the composition and structure of calixquinone-based metal ion complexes in aqueous media, 1 H NMR and UV-visible spectroscopic studies revealed that the stoichiometry of Ca 2+ -CTAQ complexes was not only 1:1 but also 1:2 (Ca 2+ :CTAQ) in water. The MC simulation showed that a Ca 2+ ion of the 1:2 Ca 2+ :CTAQ complex is interposed between two CTAQs and each CTAQ has a partial cone structure. The captured Ca 2+ ion resides in vicinity to the carboxylic acid groups as well as the quinone group of CTAQ. By unraveling how Ca 2+ ion is bound in the cavity of the CTAQ in water, this study is expected to offer valuable information for the development of ultrasensitive electrochemical and spectroscopic Ca 2+ -selective sensors that can be used in biological systems and give insight into synthesizing artificial ligands which play functional role like proteins. 
